Three Blue Penguins (Eudyptula minor) were rescued between July 2006 and January 2007 off the east coast of Auckland, New Zealand. They were taken to a rehabilitation center, where they subsequently died in May 2007 and were submitted for necropsy. There was unilateral enlargement of the salt glands with disseminated small, pale, and firm foci in all birds. Histologic examination of the affected glands demonstrated the presence of multifocal granulomas and areas of severe squamous metaplasia of the collecting ducts. The remaining gland had areas of hyperplasia, dysplasia, and necrosis with a severe granulomatous inflammatory reaction. Intralesional gram-negative bacteria were detected, but, unfortunately, bacterial culture was unrewarding. No further cases were observed in penguins in the subsequent year, and the primary cause of the salt gland adenitis remains uncertain.
INTRODUCTION
Blue Penguins (Eudyptula minor) are common in Southern Australia, Tasmania, and along the coast of New Zealand, where they breed from July to early February (Heather and Robertson, 1996) . Breeding success (based on the number of chicks fledged) can vary from 40% to 90% between colonies (Chiaradia et al., 2007) . Chicks fledge between 48 to 54 days of age and head out to sea to forage (Heather and Robertson, 1996) . Blue Penguins forage in shallow waters, mainly ,50 m deep, and in harbors close to their breeding grounds, although they can travel distances .20 km during the nonbreeding season (Chiaradia et al., 2007) . As generalist feeders, they feed on schooling fish, squid, and crustaceans (Perriman et al., 2000) . Main prey items include pilchard (Sardinops sagax), anchovy (Engralis australis), and arrow squid (Nototododarus sloanii), although they also feed on krill (Nyctiphanes australis), and copepods. Blue Penguins adjust their diet according to prey availability, and invertebrates form a major part of their diet during certain times of the year (Chiaradia et al., 2003) . Great Barrier Island and islands such as Waiheke, Kawau, and Tiritiri Matangi, in the northern part of New Zealand, are an important part of Blue Penguin habitat and breeding grounds (Robertson et al., 2007) . The Hauraki Gulf is the main foraging ground for the Blue Penguins in this area because they feed mainly inshore (Geurts, 2006) .
Like other marine birds, Blue Penguins have well-developed salt glands that are necessary to excrete excess salt ingested into the body from prey items and ingested seawater. Since fish contain water of a lower salinity than seawater, the degree to which salt excretion is required is reduced in piscivorous marine birds. However, invertebrates such as bivalves, crustaceans, and cephalopods are in osmotic equilibrium with seawater. Thus, a diet rich in such highly saline sources requires an effective method of salt excretion (Schmidt-Nielsen, 1960) .
Blue Penguins from the Hauraki Gulf have a generalized diet similar to that of other populations throughout the Eudyptula range (Geurts, 2006) . However, isotope studies suggest that larval teleost fish, copepods, and crustaceans, all of which are planktivores, constitute a large part of their diet. This suggests that the function of the salt gland is particularly important in Blue Penguins feeding on a diet high in salt.
Salt glands are bilateral supra-orbital, crescent-shaped glands located on the head of many birds and certain reptiles. They are largest in marine species and secrete fluid, the salt concentration of which varies between species and increases as the glands hypertrophy in response to elevated salt intake (Schreiber and Burger, 2001) . The anatomy and physiology of salt glands have been described in detail by Gerstberger and Gray (1993) . They are compound tubular glands with a well-developed lobular structure and a variable countercurrent arrangement of capillary blood flow relative to the flow of secretion within tubules. This allows controlled excretion of salt ions from the bloodstream into collecting ducts, which open into the nasal cavity (Gerstberger and Gray, 1993) . In penguins, the salt glands are firm, pale red-brown, crescentshaped structures that occupy the upper half of the supra-orbital fossa. They also occur in a similar position in waterfowl and estuarine birds, where they are the main mechanism for maintaining osmoregulation of the body tissues (Wobeser, 1997) . Inflammation of the salt glands is rarely reported in birds, and we found only one other known report in ducklings, Anas platyrhynchos, which was associated with the presence of gram-negative bacteria (Klopfleisch et al., 2005) .
In this report, we describe a granulomatous salt gland adenitis with severe glandular epithelial metaplasia and dysplasia, detected at necropsy and diagnosed by histopathologic examination, in three Blue Penguins from the Hauraki Gulf region, Auckland, New Zealand.
MATERIALS AND METHODS
Three Blue Penguins were found injured or starving at three different locations in the Hauraki Gulf. These birds were captured and sent to the Society for the Prevention of Cruelty to Animals (SPCA) Birdwing Rehabilitation Centre (Auckland, New Zealand) for treatment. However, during rehabilitation, two of the penguins died, and one was euthanized. All birds were kept in a vinyl lined wooden enclosure with access to a saltwater bath. They were initially fed a 50/50 Hills a/d Prescription diet (Hill's Pet Nutrition Ltd., Aukland, New Zealand)/egg yolk mixture in water (20 ml every 4-6 hr) with multivitamin and calcium powder added. To this mixture, increasing amounts of gurnard (Chelidonichthys kumu) fish were added until the birds reached 500 g, at which point the diet consisted entirely of gurnard fish (with bone) with supplements of a cod-liver oil tablet and a few grams of calcium. Whole sprats (Sprattus muelleri and Sprattus antipodum) were also fed to the birds when available.
Penguin A (adult, female) was found on 23 July 2006 at Waiheke Island (36u479S, 175u059E) in the Hauraki Gulf (Auckland, New Zealand). The bird had an injured left eye but appeared healthy otherwise. Penguin B (subadult, sex unknown) was found on 7 January 2007 at Takapuna beach (36u459S, 174u469E) on the east coast of Auckland. It weighed 540 g and was approximately 4 wk old (postguard chick) when it was found to have left the nest prematurely. This chick also had an injured left eye. Penguin C (subadult, male) was found on 9 February 2007, abandoned by its parents, on Hobbs Beach, Tiritiri Matangi Island (36u369S, 174u539E), in the Hauraki Gulf (Auckland, New Zealand). It weighed 345 g and was 6 wk old (postguard chick). Its sibling had died of hypothermia and starvation in front of the nest burrow after leaving the nest prematurely on 9 February 2007. Both chicks were still partially covered with down and severely emaciated.
All penguins were frozen immediately after death and stored before transportation to the New Zealand Wildlife Health Centre at Massey University, Palmerston North, in May 2007. After gradual thawing at 4 C, a necropsy was performed using a modified version of the procedure outlined by Hocken (2002) . Sections of affected and unaffected salt glands, liver, lung, kidney, brain, heart, trachea, esophagus, and intestine were fixed in 10% neutralbuffered formalin before routine processing and paraffin embedding. Sections were cut at 3 mm intervals before staining them with hematoxylin and eosin. Selected blocks were subsequently stained with Gram Twort, Wrights Giemsa, Young's Fungal Stain (Young, 1969) , and Ziehl-Nielsen stains where necessary.
A tissue sample of the enlarged salt gland from penguin A and a swab from the white nodular lesion in the salt gland from penguin C were taken for aerobic culture and fungal culture. The salt glands of penguin B were not cultured because of the history of antibiotic administration. Aerobic culture was performed by culturing organisms on blood agar plates (blood agar base with 5% defibrinated sheep blood) overnight at 37 C. The following day, colonies were gram stained and examined microscopically for morphologic characteristics. Bacteria were then taken for pure culture on blood agar overnight at 37 C. Organisms were identified by standard biochemical and culture methods (Quinn et al., 1994) . Fungal culture was performed using Sabouraud dextrose agar containing yeast extract and chloramphenicol (Difco, Becton Dickinson, New Zealand Medical & Scientific Ltd., Auckland) and incubated at 28 and 37 C for 10 days.
RESULTS
All three cases occurred during the summer and autumn period of 2007, and no subsequent cases were seen in 26 Blue Penguins examined over the subsequent 12 mo period.
Clinical findings and hematology
Penguin A had a firm, ovoid, subcutaneous mass measuring 30325325 mm evident above the right eye, and the left cornea was opaque, suggesting earlier trauma. In addition, the beak had an overshot lower mandible. No other abnormalities were evident, and the bird appeared healthy. It successfully completed the molting process, with a starting weight of 1750 g, well above that required. However, shortly after molting, it rapidly lost weight and died. No hematology was available.
Penguin B had a 5 mm laceration on the cornea of its left eye at the time of admission because it had been pecked by a gull. This was treated with chloromycetin eye drops (Pfizer Australia Pty Limited), administered three times daily. It had normal weight gain, and the eye was healing, but it died suddenly in early May. Hematology on blood taken immediately before death showed a hematocrit of 0.79 l/l (normal range: 0.37-0.49 l/l) and plasma protein of 95 g/l (normal range: 42-78 g/l; MedARKS software, Version 5.53a, Egan, Minnesota, USA, 2007), which indicated severe dehydration.
Penguin C was found still in the nest but severely underweight at the time of collection. Its development appeared normal up until May, when weight gain ceased, and hematologic evaluation indicated it had a chronic infection. The WBC was 27310 9 /l (normal range: 2.82310 9 -22.68310 9 /l), a hematocrit of 0.47 l/l (normal range: 0.37-0.49 l/l), and plasma protein of 117 g/l (normal range: 42-78 g/l). Euthanasia was advised and carried out on 6 May 2007.
Gross pathology
Penguin A weighed 877 g and was given a body condition score of 6/9 based on pectoral muscle mass and body fat reserves (15emaciated, 55average, 95obese). The right salt gland was firm and approximately twice the size of the left. It measured 25315310 mm and contained several small raised cream-colored nodules (Fig. 1) . On incision, numerous cream foci less than 1 mm diameter were found throughout the gland. The beak did not close completely due to mild brachygnathia superior. Feathers were missing from the right side of the mandible, and there was reddening of the underlying skin. The left eye was shrunken and scarified, and the skin above the eye was reddened. Elsewhere, there was a generalized loss of elasticity of the skin, which was slightly adherent to the subcutaneous tissues, suggesting dehydration. The small intestine and stomach contained a few parasites, including a small number of Corynosoma sp. acanthocephalans, and one Capillaria sp.
Penguin B weighed 680 g and was given a body condition score of 7/9. The left salt gland was enlarged and contained a firm pale mass measuring 103533 mm. There were also moderate numbers of Tetrabothrius sp. cestodes and Corynosoma sp. acanthocephalans in the stomach and small intestine.
Penguin C weighed 790 g and was given a body condition score of 4/9. The left salt gland was enlarged and dark red-brown and contained many, 1-mm-diameter, firm, cream foci disseminated throughout the gland and a single 4 mm firm nodule. The surrounding subcutaneous tissue was reddened. The proventriculus contained a whole squid, and the remainder of the gastrointestinal tract contained brown, watery fluid. The testes were congested. The liver was slightly enlarged, with rounded borders and a wet and glistening surface. 
Histologic findings
All tissues showed moderate freezing artifact. The histologic lesions in the salt glands from all penguins were very similar, varying only in severity, and two types of multifocal lesions were present (Figs. 2, 3 , and 4). Throughout the affected glands, there were numerous variably sized granulomas, each of which had a central necrotic area surrounded by a rim of palisading macrophages and multinucleated giant cells inside a moderately thick fibrous capsule (Fig. 3) . The second type of lesion occurred in collecting ducts, many of which were variably dilated and lined by an epithelium, which was often thickened due to squamous metaplasia or occasionally attenuated due to the large volume of luminal debris. Within these areas, there were irregular concentric laminated layers of keratin arranged around a variably sized central core of eosinophilic and karyorrhectic debris. The surrounding glandular tissue had marked diffuse epithelial hyperplasia and dysplasia and varying degrees of increased cellularity, loss of polarity, and variation in cell size. Approximately 60% of these tubules took on a papillary shape (Fig. 4) . A few regenerative tubules were scattered in these areas, and these had plump epithelial cells with a pale basophilic cytoplasm and large vesicular nuclei. There was moderate expansion of the interstitium with fibroplasia and a severe infiltrate of macrophages, heterophils, plasma cells, and lymphocytes. Similar inflammatory cells were also present around the glands containing keratinaceous debris, in the walls of the granulomas, and within effaced glands.
In penguin A, areas of necrotic exudate contained occasional colonies of short, rodshaped gram-negative bacteria (Fig. 5) . Small numbers of gram-negative bacteria were scattered in similar locations in penguin C, which also had severe lesions. Bacteria with similar morphologic characteristics were also observed with WrightGiemsa staining, but no acid-fast or fungal organisms were detectable on histologic examination. In penguin B, the salt glands showed similar but less severe granulomatous inflammation than that seen in penguin A. In the contralateral glands, there was normal lobular architecture, with occasional small interstitial infiltrates of lymphocytes and plasma cells scattered throughout the gland.
Microbiology
Although gram-negative bacteria were detected in histologic sections, no significant organisms were cultured on aerobic blood agar plates or fungal culture from the salt glands of penguins A and C.
DISCUSSION
These are the first cases of inflammatory disease affecting the salt glands of wild penguins reported in the scientific literature. To survive in the highly saline marine environment, penguins must rely heavily on their salt glands for osmoregulation. Major dysfunctions of these glands can reduce salt secretions, cause sodium and potassium imbalance, and possibly result in renal failure (Friend et al., 1973; Lumeij, 1994) . However, in all three penguins, only one gland was affected, and no significant changes were observed in the contralateral gland. It is possible, therefore, that the apparently normal contralateral glands may have undergone compensatory hypertrophy due to the loss of function of the affected gland. However, extensive damage to both glands, possibly destroying over 70% of the functional tissue (as in the kidneys), is probably required before any major deleterious physiologic effects occur (Knight and Peaker, 1979) . There are only a limited number of diseases known to affect avian salt glands, and, to our knowledge, there is only one other report of inflammatory disease associated with bacteria, and this was in young mallard ducks Anas platyrhyncos (Klopfleisch et al., 2005) .
The gross and histologic inflammatory lesions in the affected penguins closely resembled those reported in mallard ducklings by Klopfleisch et al. (2005) . They described a severe multifocal granulomatous inflammation and necrosis with dilated and obliterated glandular ducts containing necrotic debris. Clusters of gram-negative bacteria were demonstrated within the granulomas and Pseudomonas aeruginosa, Aeromonas hydrophila, and Proteus mirablis were cultured from the affected glands. Although the histologic findings in the current cases were very similar, the greater degree of squamous metaplasia and the presence of dysplastic epithelial changes were distinguishing features in the penguins. A severe, mixed inflammatory infiltrate and the presence of gram-negative bacteria were common features in both the duck and penguin cases. The granuloma distribution pattern in the affected penguins also followed the ductular and lobular glandular structure reported in ducklings, where it was thought that the infection ascended from the nose through the draining ducts (Klopfleisch et al., 2005) . It therefore seems likely that the lesions in penguins have a similar pathogenesis to those in ducks and that the salt glands in different avian species react in a similar fashion to bacterial infection.
Because the lesions in all the affected penguins were associated with gram-negative bacteria, it is likely that these organisms played a role in the development of the disease. This is supported by the isolation of gram-negative organisms, such as Pseudomonas aeruginosa, Aeromonas hydrophila, and Proteus mirablis, from the salt glands of affected ducks and the suggestion that these organisms possess virulence factors such as lipopolysaccharides that allow infection of avian salt glands despite the saline environment (Klopfleisch et al., 2005) . In the current series of cases, we were unable to confirm the identity of the gram-negative organisms seen within the lesions histologically, despite attempts at aerobic culture. This may have been because the chronic inflammatory response reduced the number of bacteria, and granulation tissue made them difficult to access with normal swabbing technique. Another factor likely to affect the recovery of microorganisms was that the culture method used was not specific for marine bacteria, and the salinity of the media and the culture temperature may have been inappropriate. Freezing of the carcasses may have also reduced bacterial numbers and the likelihood of their detection. Studies of bacterial survival in meat have shown that gram-negative coliforms have lower rates of survival after freezing than grampositive cocci (Kotula et al., 1979) .
Experimental studies in turkeys have demonstrated that Chlamydia sp. can cause granuloma formation and nasal gland adenitis (Tappe et al., 1989) . These organisms have not been isolated from penguins previously and are a rare cause of disease in endemic New Zealand birds. Future studies should include tests for the presence of these agents.
Vitamin A deficiency is a well-known cause of squamous metaplasia of mucosal epithelial surfaces, and cases of squamous metaplasia of the nasal glands of turkey poults have been reported (Cortes et al., 2006) . In the poults, there was also squamous metaplasia of the epithelium of the oral mucosa, esophagus, sinuses, bronchi, proventriculus, and bursa of Fabricius. In the affected penguins, there were no changes in these tissues or in the contralateral salt glands, so it is unlikely that vitamin A deficiency was the causative factor. The squamous metaplasia seen in the penguins was most likely secondary to the severe inflammation present.
There are many factors that may predispose Blue Penguins to salt gland infection. Isotope studies on Blue Penguins from the Hauraki Gulf indicate that these generalist feeders are feeding primarily on planktivores, which contain high amounts of salt, imposing considerable salt loads on the birds, as opposed to the more expected piscivorous diet (Geurts, 2006) . Thus, the need to excrete such high amounts of sodium may predispose this species to the detrimental effects associated with infection of these glands.
Since more than one animal was affected, it is possible that environmental factors such as starvation, dehydration, or perhaps toxic agents such as oil, DDE, or organophosphate chemicals may have had a role in damaging the salt glands of the affected birds (Friend et al., 1973) . Organophosphates are known to affect the salt glands of mallards Anas platyrhyncos (Friend et al., 1973) . They inhibit the ability of the glands to concentrate and secrete salt from the body, causing a reduction in the size of the glands, reduced secretion of Na+, and reduction in cholinesterase activity in the glands and hypothalamus (Friend et al., 1973) . DDE has similar effects as organophosphates but has been shown to not have an effect on osmoregulation or nasal gland Na-K-ATPase in ducks, guillemots, or puffins (Miller et al., 1976) . Salt glands damaged by toxins may be predisposed to opportunist secondary invaders, such as gram-negative bacteria, which are often part of the normal choanal flora of seabirds (Suepaul, unpubl. observations, 2006) . Since Blue Penguins carry out much of their foraging in coastal areas and harbors (Chiaradia et al., 2007) , this could increase their chances of coming into contact with noxious chemicals. The levels of DDE and other pesticides in Hauraki Gulf are not negligible, as a recent study of common dolphins (Delphinus sp.) demonstrated (Stockin et al., 2007) . However, the presence of lesions in only one of the glands in each bird suggests that generalized systemic toxins are an unlikely cause.
Salt gland function can be impaired with disruption of osmoregulation as one of the toxic effects of oil pollution. Grossly, the damaged glands may appear swollen. The species mainly affected are those that spend most of their time in water, especially near shipping lanes. Penguins, among other species, are listed as being particularly susceptible to oil-spill contamination (Friend and Franson, 1999) . Since penguins B and C were both less than 2 mo of age, prolonged exposure to oil contamination seems unlikely.
Although the anatomy and physiology of avian salt glands have been studied in great detail (Gerstberger and Gray, 1993; Schreiber and Burger, 2001) , most of the studies have been undertaken in freshwater birds. In ducks and geese, the salt glands undergo hyperplasia and hypertrophy in response to continual ingestion of saltwater (Knight and Peaker, 1979) , a phenomenon that may occur in inland hatched juvenile marine birds as they first encounter the salinity of saltwater. These changes in the salt gland are mainly under nervous control, and hormones play only a minor role (Hanwell and Peaker, 1975) . The possibility that the hyperplastic and metaplastic changes seen in the current cases preceded the inflammatory change seems unlikely because the growth abnormalities were localized to areas of chronic inflammation and many granulomas were present without associated epithelial growth changes.
Birds occasionally suffer from salt (sodium chloride) toxicity, after ingesting large amounts of salt or if they are deprived of water. In these situations, the salt glands do not have time to acclimatize, or there may be disruption of their function (Friend and Franson, 1999) . This type of toxicity, however, has been most commonly seen in gallinaceous birds or migratory waterfowl in hypersaline water environments. The main lesions associated with salt toxicosis include congestion in the brain and cataracts with minimal lesions in other tissues (Stolley and Meteyer, 2004) . All the penguins in this case study were fed a captive diet and may not have ingested adequate amounts of water from the baths provided, leading to dehydration, which subsequently affected salt gland function.
In addition, the increased stress of the captive environment may have lead to immunosuppression and overgrowth of the choanal fauna or the acquisition of gram-negative organisms from other birds in the facility. Mixed-species rehabilitation centers pose an increased risk of disease transmission as the variety of pathogens present at any time invariably increases. Such disease risks in captivity have been illustrated in a number of species, including penguins (Snyder et al., 1985; Mason et al., 1991; Brossy, 1992; Ballou, 1993; Cunningham, 1996; Brossy et al., 1999; Xavier et al., 2007) . Thus, the risks posed by captivity should not be ignored as potential contributing factors in the current cases.
Although the cause of death of these penguins was not established, the severity of the lesions in the affected glands and the absence of other significant lesions indicate that the salt gland adenitis should be considered as a major contributing factor. Further studies of affected birds including more detailed microbiologic investigations will be necessary to better understand the etiology and pathogenesis of this disease.
